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Abstract: The compgsite protective structure consists of a shield layer, a distribution layer, and a structure layer. Compared with

traditional monolithic protective structure made of high strength materials, the composite protective structure is more economical

and effective to resist the combined penetration and explosion of earth-penetrating weapons. To establish a design method for

composite protective structures against combined penetration and explosion, the integrated design concept and process were first

proposed based on the protective requirements of shield layer, distribution layer, and structure layer. Subsequently, a high-fidelity
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numerical simulation method was established and validated to analyze the resistance of composite protective structures against
combined penetration and explosion. Furthermore, a composite protective structure was designed against the penetration of a 105
mm projectile and explosion of 7 kg of HMX explosive as example. The results indicated that shield layer is non-perforated and
the load transmitted to the structure layer attenuated by distribution layer is less than local dynamic bearing capacity of structure
layer, so the composite protective structure can meet the protective requirements by using the proposed design method. Finally,
under the constraints of equal combined penetration and explosion and thickness of each layer, comparative analysis was
conducted on the dynamic response and damage of composite protective structures consisting of three types of shield layers—
normal strength concrete (NSC), ultra-high performance concrete (UHPC), and corundum rubble concrete (CRC), and two types
of distribution layers—C3 foam concrete and sand. The results indicated that: (1) The NSC shield layer is perforated by projectile
and the peak reflected stress at the top of structure layer in “UHPC shield layer + sand distribution layer + NSC structure layer”
composite protective structure is larger than local dynamic bearing capacity, both fail to mie€t ptetective requirements;
“UHPC/CRC shield layer + C3 foam concrete distribution layer + NSC structure layer” exhibit localized‘yielding at the bottom
of distribution layer, with peak reflected stresses at the top of structure layer is less than, local dynamic capacity, both meet
protective requirements. (2) The compression ratios of the distribution layers in both “UHPC shield layer + C3 foam concrete/sand
distribution layer + NSC structure layer” are similar (approximately 30%), but theqpeakistresses at both the top and bottom of C3
foam concrete distribution layer are only 16% and 13% of those in the sand distribution layer. The impedance mismatch effect
of composite structure with C3 foam concrete distribution layer is more pronouncedithan sand distribution layer ‘and exhibits
better wave attenuation performance. (3) The “CRC shield layer + C3 foam conerete distribution layer + NSC structure layer”
exhibits the best resistance against combined penetration and explosion,“with penetration depth in shield layer, as well as
compression ratio, peak stress and strain at the top, and peak strainat'the bottom of distribution layer are 87%, 29%, 55%, 47%,
and 21% respectively of those in the corresponding UHPC shield1ay€r/configuration.

Keywords: composite protective structure; combined penétration and explosion; shield layer; distribution layer; protective design
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Fig.1 Schematic diagram and design process of composite protective structure
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Fig.2 Numerical simulation models of composite protective structure
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*BOS_GRUNEISEN AT R RAL, MHKXSHIHE WL 1. *MAT_RHT MR E SCT KR A0
SRV JeE IR R R AR SR KT = A SR T, TR VR B AT AR B L R WA R R B 58 A
BRE ) At 72, 2 TR AT E TOLIEUE T 50, BRI NSC A1 UHPC R IZM BHEARLRAL, MRS
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# 1 BFEM*MAT JOHNSON COOK #AYFI*EOS GRUNEISEN JR#& 75 2 S 4 E
Table 1 Parameter values for *“MAT JOHNSON _ COOK model and *EOS_GRUNEISEN equation of state of projectile
4 Hfg e 24 Hfgen
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HE po/(kgm) 7850 Dy 0.3114
BIYIR & G,/GPa 81 Dy 0.7115
JiE IR 58 4,/MPa 1303 RSB H Dy -3.053
S AZ AL L By/MPa 2483 Dy -0.042
RASREAL SR EY n, 0.474 Dyps 2.98
NEAR AL H AL C, 0.009 WIE ¢/(m-sT) 4569
BERA TS M, 1.07 LIRS 1.49
FEALIRIE Trne/K 1793 RLF T B RIS, 0
EiR T/K 298 RT3 = IR T RHL S5 0
SHENRR &, 1.0x104 Gruneisen £ % 7, 2.17
Lz CP/(J-kg 'K 477 HRUETERE a 0.46

2 IREELI*MAT RHT B8 S EUE
Table 2 Parameter values for *MAT RHT model of conergte

ZH NSCI! UHPCB! GRC [ UHPC Z:A4(21]

HE po/(kg-m?) 2300 2500 2500

B PIBiE G./GPa 11.6 20.9 17.3

FEhHT R SRS f/MPa 40 135.7 107.5

SE RGN R &5 /s 3x10 31075 310

SERMRABER & /5! 3%10°6 3%10°® 3%x106

PR TSR O 0.6805 0,6805 0.6805

KBRS E B 0.0105 0,0108 0.0105
BIYIE R R 0.6 0.6 0.6
SRR A A, 1.6 1.6 1.6
KA FEHEL ne 0.61 0.61 0.61
BN AR £ 0.16 0.16 0.16
FRTREELL £ 0.1 0.1 0.1
P54 Dot 0,04 0.04 0.04
#1524 Do, 10 1.0 1.0
BRARTHH AL Ay 1.6 1.6 1.6
BRARTHAREL ny 0.61 0.61 0.61

2% 3 MIEHAK*MAT JOHNSON HOLMQUIST CERAMICS #5722 ¥ Bl
Table 3 Parameter values for *“MAT JOHNSON_HOLMQUIST CERAMICS model of corundum rubble

S I fg 20 S Huf# (21
EIE p/(kg-m™) 3870 R KE JT T/MPa 262
BIY)M & G/GPa 152 MY DT A PEAR PR oy /GPa 6.75
BRI R A, 0.88 W DT A AR FRARZS XS BLE 7] Py /GPa 3.65
JEAL SR BEFR AL N, 0.64 PS4 Dy 0.0125
WrEdm i 5L B, 0.431 54 D 1.85
W5 R Fr L M, 0.6 VIR & K,1/GPa 238.1
AR R A4 R EL C, 0.007 AR AZ IE R K 0
SENAR & 1.0x106 B BB IE R K 0




mOE 5 &
Explosion and Shock Waves

F 4 C3 WK EE LI *MAT _SOIL_AND FOAM 7 S 3 HLAE
Table 4 Parameter values for *MAT SOIL_AND_ FOAM model of C3 foam concrete and sand

ZH C3 JupRREE 022 Rh0s23) ZH C3 kit 22 phis.23)
I p(kg-m) 880 1607 £ -1.6713 -0.0335
Bt E G/MPa 44.8 3.25 IR &s10 -2.3026 -0.0357
IBPENAL S5 Ago/Pa> 3.0x10'2 6.517x107 P /MPa 0 0
SRS H 4, /Pa 0 1.289x10* Po/MPa 1 0.023
IV S5 Ay 0 0.6368 P/MPa 1 0.053
£ 0 0 Py/MPa 1.38 0.091
£o -0.0284 -0.0044  RFUNAR P,s/MPa 1.8 0.143
€5 -0.2692 -0.0087  XRIE T Py/MPa 223 0.193
£ -0.7215 -0.0125 Py/MPa 3 0.269
(SAINE'S
Ess -0.9416 -0.0175 P/MPa 4.48 0.352
£s6 -1.0906 -0.0214 Py/MPa 6.27 0.407
&g -1.273 -0.0264 Pyo/MPa 225 0.454
£ -1.4961 -0.031

%5 YEZHI*MAT HIGH EXPLOSIVE BURN FiESFIAEOS TWL R 7 S B U
Table 5 Parameter values for *MAT HIGH_EXPLOSIVE BURN model,and*EOS_JWL equation of state of explosive

B TNTR4  HEIX) B TNTR4  HMX[2S)
B E po/(kgm?) 1630 1891 AJGPa 374 778
HEHE Dey/(m-s) 6930 9110 B./GPa 3.75 7.07
BEZEJE J1 PcyGPa 21 2 o R 4.15 4.2
B
o . 1.05x10! 0.9 1
WG HBAAAEFARE R Eep/(J'm?) 6x10° . R,
FHXHRFR Ve | 1 ® 0.35 0.3

% 6 FAMWFMAT NULLAEAIFI*EOS LINEAR POLYNOMIAL RS 5 FE 2 HHUE
Table 6 Parameter values for *MAT "WULL model and *EOS_LINEAR POLYNOMIAL equation of state of air

24 W 24 HUfH
HIE po/ (kg m2) 1.29 Co, C1, Gy, C5 0
WG A AR TR R R R /() 2.5x10° SARAH DG H AL Cs, Cs 0.4
FERH AT W 1.0 Co 0

2.2 B RIS 16 30 IE

T 252~ | 3UF1 Zhang 2520135 JF R 1 B s fE )y 40MPa ) NSC. Hi 58y 135.7MPa 1]
UHPC Al CRC #0441 105mm HAZ3#ARIZAIA Skg TNT YEZ5HRIE R B S/E RS . S04 F] TNT FE24
WK 3 (@) Fion, SRNEIEAAN, SIS 20ke, AT RH RGN 1300MPa (1) 5558,
TNT YEZ5 ) ELARFIKE S 18 105mm F1 365mm. = FEAINE 3 (b~d) B, HRSF2514
2500mmx2000mm-+ 1800mmx800mm Al 1500mm=700mm (EAExEE) , JMEB B 494, CRC #U{A
H NI BB 585 2000MPa, R g 40%, HAREHN 80~150mm.  — il 4440 A i fA 2
HEE 737 325m/s. 375m/s Al 346m/s, ARAIAES 5 B SRR, K IEZG8CE TRALIR b it — T
PRJERES .
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(a) Projectile and TNT!? (b) NSC target!?! (c) UHPC targetl3! (d) CRC target?"
3 BRI = AP 3,200
Fig.3 Projectile and three types of targets!? 320l
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Kl 4 (a~D 5l TRAICLEUHREREER N =MEA ) m&aE, &7 MR H—D
XPEG T ARG B E RS R SR E. TVE N, EERMREE A NGFREE AR 1R AR B H BB
FNFHI 25 5 5 R B A AR 2 20 N 6.41%- -0.8%A11 2.55%, <JTHHEL AR HIAH AR 223 31 A
16.07%- -10%M1-10.02%; RAVBEVEBLAIERA T, =PSRRI BRI ST 13 2 0 31N -11.32%. -
6.97%7FH-6.95%, FFHTEALKIAHXT IR Z ST AN 8.32% 12.73%KN 15:85%, S5 RWIGHLF
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(e) CRC target under penetration (f) Post-penetrated CRC target under explosion
Kl 4 ARG 3 201 5 F B AR 45 xSt
Fig.4 Comparisons of penetration/explosion test!> 320 and numerical simulation results
7 BUEAE IR AR BT T BLAR 5 R AR 3 2085 X by

Table 7 Penetration depth and cratering diameter of penetration test® 2% and numerical simulation

e AR T ERR
58/ mm BA/mm FHXFRZE Y% B 5/mm B/ mm HARARZE/%
NSC 515 548 6.41 1176 987 -16.07
UHPC 375 372 -0.8 560 504 -10
CRC 196 201 2.55 -10.02
% 8 B B ISR B AT 50 B2 5 (2 AR B 2 R PR B2 @
Table 8 Destruction depth and cratering diameter of combined penetration/explosion tes'y 35% erical simulation
y— TRIREZ f Eﬁ
W¥omm  MWmm HIRHE%% ch/mr?Q\ Wimm  HIRHE%%
NSC 680 603 -11.32 1810 8.32
UHPC 445 414 -6.97 15 806 12.73
CRC 259 241 -6.95 \A/ﬂ 826 15.85
2.3 HEXBPERIERIRINIE \)/}‘// -
7‘5%’%}[1‘”%!1 Zhou ZEBS13 HITFIE 1% C3 KR )AE&E—' I & B i a5 B aie .
B5 (a) fin, & C3 iRkt mE A& B 2.0m, R RRICN 1.4m JE

() UHPC B2, 0.5m JEH C3 MK IRE L HHEM 05m B C40 NSC 45H)2, FHEITXKE R
l6mm FARSBEAT L0 . M2 ) B e E42 105mm. R 860mm [ FLIF A E H %
98mm. 1 554mm [¥] TNT Zj#E. 73 FLZE T NSC A5 2 T3 A BN )% 1848 LA P2, WK S (b)
Fiw, S a2 KA & RIS KN 2.2m, EE N 0.3m B/ C60  NSC M2,
0.15m B A ZAT 0.2m JEH C4 NS(}%’H’EJ}%’, H Wb B 2 MR T 0.15m JE IR EE 20
JOAE ., JEPEZE R O T R Smm. REE 100mm (LA LUSE 1.5kg 1Y TNT Zj3k, FEELS
#.JFW*‘IKWETJ* 7'34%/‘«“%% 1i EP*)JM;-:&&/\/@EME%JIJJ@% 1~6, ﬁtﬁiﬁ%ﬂﬂﬂ’}

Shield Iayir +
=yl

Distribution layer

(a) C3 foam concrete distribution layer (b) Sand distribution layer
K5 G phirait
Fig.5 Composite protective structure
K6 (a~c) ME 6 (d, e 77X bh 7 HRKELE IR PURh AL & 2R3 45 14 10k 6 5 K 15 AR 1
SRANI RS SRR . FTRAER HE . (1) & C3 iR EE L7 e 2 O & S5 37 S5 M R A i 45 2R
SR PO A R 2R SE R JE D 483mm, JEAEEE (-5 &R SR B ARIG TR D) N 3.4%, HHN AIHUH
RV TINS5 5K 7353009 481mm A 3.8%. P1 A1 P2 k05 e f i 103 A EE AU 25 2R 73 7)) 9 2.6MPa
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A1 2.16MPa, 235MPa il 208MPa, AT iR % 735 N-16.92%F1-11.49%;  (2) XF&WHEENHE
AP gt R T B AR BRI E A EUE LS5 553 18 960mm Fl 1098mm, FHXT 5% % A
14.38%, P3 I i 5 77 WA 0 ke AN A4 45 SR 2373 O 34.8MPa Al 31.6MPa, AHXT R % 4-9.19%,
HAE R R ) & 1R 4T
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